DEVELOPMENT Ignition

Adaptive Multi Charge
Ignition for Critical
Combustion Conditions

Modern spray-guided combustion concepts have substantially raised the requirements for ignition
systems due to the short time intervals between injection and ignition combined with the highly varying
mixture concentrations close to the spark plug. This paper presents Delphi’s robust, current-controlled
multi charge ignition and shows the application on a stratified fuel combustion concept.
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1 Introduction

Spray-guided combustion concepts pro-
vide the largest potential of reducing fuel
consumption of all individual four-stroke
gasoline engine technologies. In order to
fully use this potential, despite the rela-
tively short time for mixture prepara-
tion, ignition systems must be developed
to address the weaknesses of the spray
preparation and/or the air/fuel mixture
and to reduce the tolerance require-
ments on components used. The typical
approach of high-energy ignition coils
has disadvantages regarding cost, weight
and packaging. Also it cannot fully meet
certain functional requirements, despite
high energy and long burn time. The cur-
rent-controlled multi charge ignition in-
troduced here reduces these disadvan-
tages and opens up a way to smaller and
lighter ignition coils.

2 Multi Spark Ignition Systems

Multi spark ignition systems can be di-
vided into time-controlled and current-
controlled systems. Time-controlled sys-
tems work independently of the respec-
tive charge of the coil by applying a
charge/discharge pattern according to a
fixed map, stored in the engine control
unit (ECU). On the other hand, current-

controlled systems align the recharging
of the coil based on the actual condition
of its stored energy. Since the coil dis-
charge-characteristic is considerably in-
fluenced by the processes in the com-
bustion chamber, current-controlled
systems can deal better with widely vary-
ing conditions. A special form of a multi
spark ignition system, alternating cur-
rent ignition (AC-Ignition), is not being
discussed here [1]. Due to its cost disad-
vantages it is found only in a few luxury
vehicle applications.

2.1 Time-controlled Multi Spark Ignition
Such systems, also known as spark-train
ignition, are charged several times per en-
gine cycle by the ECU (open loop). Two
modes of operation can be differentiated:
- Recharging only after a complete coil
discharge, Figure 1 (a): In this system,
varying initial conditions which are
unknown by the ECU at the time of
recharge are avoided. However, the
time to the next spark increases.
Meaningful repetition rates are only
achieved for low engine speeds, as for
instance during engine start. At
1000 rpm for instance, a delay between
sparks of 6 ms corresponds to 36 °
crank angle. Obviously the second
spark is already so far away from the
optimal ignition set point that a mis-
fire may still be prevented, but the eft
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Ignition

Figure 2: Different coil designs (plug top coil, coil near plug, pencil coil) with integrated multi
charge ignition electronics (MCI)

fect is essentially limited to an engine-
internal HC reduction.

- Recharging by interruption of the
spark (,spark clipping*): The spark re-
peat rate rises, however the ECU is
unaware of the remaining coil charge
level at the beginning of the recharge.
A high rate of energy discharge from
the coil or, for example a low battery
voltage during the recharge leads to a
low-charge status, Figure 1 (b). The
coil cannot ensure ignition any long-
er. In the contrasting case, Figure 1 (c),
coils can be overcharged and driven
into magnetic saturation. The high
current arising from this condition
can damage the coil or the driver.

2.2 Current- and Demand-controlled
Multi Charge Ignition

In contrast to the time-controlled meth-
od, the Delphi multi charge ignition sys-
tem (MCI) uses a current feedback (closed
loop) for both primary charge current
and secondary discharge current. The en-
ergy content of the coil is thus monitored
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at all times [2]. In the year 2000 Delphi
had already developed an ignition sys-
tem that generated a very robust ion cur-
rent signal to assess the combustion
quality. The multi charge algorithm im-
plemented in that application already
featured a primary and a secondary cur-
rent control. The same algorithm has
been implemented in the multi charge
ignition system described here. The Del-
phi MCI system does not require a radi-
cally different coil design. Pencil coils,
plug top coils or near plug coils, mount-
ed inside or outside the plug-well can be
used, Figure 2.

2.2.1 Ignition Coil Design

Two substantial requirements for the

MCI system are impacting the transform-

er design of the ignition coil:

- High Secondary Voltage Capability. If
the coil cannot supply the high volt-
age necessary for the breakdown of
the gap, for instance between wet
electrodes, a misfire results. In order
to fulfil the requirement for a high

secondary voltage capability, the para-
sitic secondary capacitance especially
of small coils must be minimized by
design.

— Fast Recharge. At high burn voltages
the spark extinguishes quickly be-
cause of the fast coil discharge. In or-
der to be able to ignite again within
the shortest time with full power, the
primary winding is designed with
very low resistance and inductance,
so that a full charge can easily take
place in less than 1 ms.

2.2.2 Coil-integrated Electronics

Figure 2, above, shows the printed cir-
cuit board that is being integrated in
the coil. The ignition IGBT (Insulated
Gate Bipolar Transistor) and an integrat-
ed circuit (ASIC), responsible for the ex-
ecution of the multi charge ignition al-
gorithm can be seen. The ASIC is pack-
aged with Flip Chip technology to mini-
mize its footprint and contains all fur-
ther functions necessary for autono-
mous operation.

2.2.3 Functional Description

When the first discharge of a MCI coil is
controlled with an engine spark timing
signal, then subsequent ignition cycles
automatically start for a selected algo-
rithm. Figure 3 demonstrates the princi-
ple using a 10 mm wide spark gap with
air injection. The photo, taken with an
open shutter, shows the impressive de-
flection of the spark. The individual
plasma threads belong to the discharges
that successively follow each other. The
first breakdown corresponds with the
lowest displayed plasma thread which is
produced across the shortest way be-
tween the electrodes, while the later ig-
nitions belong to spark channels extend-
ing further out. The shown multi charge
cycle is with approximately 20 discharg-
es about 5 ms long and delivers a total
energy of approximately 200 m]. The
upper curve in Figure 3, top right, shows
the secondary voltage U, and that with
increasing spark deflection also increas-
ing break-down voltage U,. Below is the
secondary current I followed by the pri-
mary current L.

The close-up in Figure 3 bottom is
used to explain the MCI control algo-
rithm and the available calibration pa-
rameters.
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Figure 3: Multi charge ignition, definitions and functioning principle

2.2.4 Interface to Engine Control Unit,
Initial Charge

The interface of the MCI system to the
ECU uses a typical engine spark timing
signal. Its length determines the charge
duration and its falling edge the desired
time of ignition, spark advance (SA),
and is thus compatible to existing en-
gine control systems.

2.2.5 Secondary Current Trip

At the falling edge of the engine spark
timing signal a breakdown of the gap oc-
curs, Figure 3 bottom, blue curve, and
the spark begins to burn with the sec-
ondary current I (green). While burning,
the MCI system is constantly monitoring
the secondary current and interrupts
the spark when an adjustable threshold
value is reached (secondary current trip)
in order to recharge the primary coil
again. Spark energy and burn time t,
implicitly set by this threshold, depend
on the respective thermodynamic condi-
tions in the combustion chamber.

2.2.6 Primary Current Trip

After the interruption of the spark cur-
rent [, the coil is recharged. The primary
current I, , Figure 3, red curves, starts
with the current that corresponds to the
residual charge in the coil. During coil

recharge, the system is now monitoring
the primary current. The recharging
continues until I, has reached an adjust-
able threshold (primary current trip).
Then a new ignition event takes place.
The adjustable current threshold for the

coil recharge can be set independently
from the current value of the initial
charge by engine spark timing signal.

2.2.7 Length of the Multi Charge

[gnition Cycle

The sparking duration of the Multi
charge ignition cycle can be set by the
ECU up to a maximum length of 40 ° of
crank angle (°CA). In operating condi-
tions during which repetitive ignition is
not necessary, such as during longer fuel
cut-off periods or out-side the stratified
operating range, the length of the MCI
cycle can be shortened accordingly.

3 Ignition of Stratified Charges

Spray-guided combustion systems make
very high demands on an ignition sys-
tem in the stratified operation area. Air-
fuel ratio and in-cylinder flow speed of
the mixture in the proximity of the spark
plug vary over a wide range. Other varia-
bles with strong influence are the spray
pattern and the tolerances of the injec-
tors, as well as the cyclic fluctuations in-
duced by the gas exchange. For example,
according to the findings of Paschen, [3],
the breakdown voltage U, steadily in-
creases as a function of the gas density,

Combustion System Spray - Guided
Injecior Position central, 0 tiled
Spark Plug Position Off center in
crankshaft axis,
28 hed
maderate central
PPiston vl
Comprassion Ratio 1.7
Injector Outwardly opaning.
single coil actuator
Spark Plug NGK T20023L
Test Fuel Shell V Power
Single Cylinder Engine
Displacement [com] A998
Bore [mm] / Stroke [mm] 85 /86
Conrod langth [mm] 143
Numiber of Valves 4
Vahee Angle [ | IV / EV 2323
Intzke Opening 34 bTDC
Intake Closure 54 aBDC
Exhaust Opening 74 bBDC
Exhaust Closung 14 aTDC

Figure 4: Research engine specification
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Figure 5: Misfire conditions leading to fast coil discharge

i.e. the pressure p, and the spark plug
gap d. By using a MCI system the subse-
quent ignitions can lie in the proximity
of the ignition top dead centre ITDC and
thus encounter higher pressures. This
generally leads to higher averages of
breakdown voltage than in the case of
single charge ignition systems in the
same engine. Short mixture prepara-
tion times and thus an inevitable
amount of liquid fuel within the range
of the plug or fuel deposits on the elec-
trodes likewise require higher break-
down voltages. Additionally, the high
thermal capacity of liquid fuel makes it
even more difficult for the ignition to
initiate a flame front, since the liquid
phase is cooling the plasma channel af-
ter the breakdown.

Apart from the in-cylinder flow and
turbulences generated during gas ex-
change, the injection cycle itself pro-
duces additional flow patterns. Due to
the small temporal and local distance to
the spark plug gap, this all can have ef-
fects on the spark. In order to achieve an
as stable an ignition as possible, suffi-
ciently long burn time and a high de-
gree of immunity against extinguishing
the spark by the high flow velocities
dominant in the boundary region of the
spray must be fulfilled as boundary con-
ditions. Today's single spark ignition
systems with energies around 100 m]
are fulfilling these requirements only
conditionally. If a single spark is extin-
guished, then a coil already partially
discharged has only a limited ability to
re-ignite.
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On the other hand the MCI system
described here is appropriate for a sys-
tem-inherent safe re-ignition. It uses re-
charging times down to 100 ps, during
which the plasma thread of the just in-
terrupted spark hardly cools down.
However the hot gases are moving away
from the plug gap by so-called entrain-
ment flow [4]. Thus the former still-hot
spark channel provides an attractive
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path for the next breakdown, so that
the arc can follow the flow.

4 Test Results on a Single-cylinder
Engine Operated in Stratified Mode

4.1 Research Engine

A single-cylinder research engine has
served as a test engine. The combustion
chamber geometry was designed at Del-
phi for the development of fuel stratified
injection systems. A Delphi-developed,
outwardly opening injector with single
solenoid coil drive is used [5]. Figure 4
shows the essential geometry data of the
engine and its combustion chamber. The
engine dynamometer is fully automated
and equipped with complete exhaust
analysis facilities. All operating media
are conditioned.

4.2 Engine Results

The engine runs in fuel stratified opera-
tion with a single injection, 50 mbar
vacuum in the intake and without exter-
nal exhaust gas recirculation. The pres-
sure indication with subsequent averag-
ing is performed over 750 cycles. A single
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Figure 6: Characteristic electrical signals of the ignition coil at critical ignition conditions
plotted over crank angle —fixed spark advance



charge ignition coil (90 m]) and the Del-
phi multi charge ignition system MCI are
compared at a representative part load
point (1500 rpm | 3.5 bar indicated mean
effective pressure IMEP). No difference of
the two examined ignition configura-
tions can be determined at homogene-
ous engine operation. Also, the homoge-
neous lean burn limit remains essential-
ly unchanged.

4.3 Characteristic Electrical Signals on
the Occurrence of Misfires

Figure 5 shows two misfire mechanisms
which empty the ignition coil complete-
ly. In the picture, left, the injected spray
reaches the gap after the breakdown al-
ready took place. By the high liquid
phase portion the burn voltage rises
strongly and the coil empties itself rap-
idly. After approx. 150 ps the secondary
current has dropped to 0 mA and the
spark extinguishes.

In the right picture at the desired
spark timing no real burn phase can be
detected. Instead of a breakdown, U,
shows a curve shape similar to a ring-out.
The coil energy is being dissipated in the
ohmic resistances of the secondary cir-
cuit. Such a case can be observed when
the gap electrodes are wetted with fuel
or if the high voltage capability of the
coil is insufficient.

In both cases a single charge ignition
would fail. An only time-controlled mul-
ti spark ignition cannot achieve the en-
ergy level necessary for a safe ignition
due to the ,unexpectedly” low residual
energy of the coil. The current-control-
led MCI system, however, increases the
chance of a successful ignition by re-
charging the completely emptied coil
before the next ignition to the pre-de-
fined primary current level.

4.4 Characterisation of Misfires During
Stratified Operation

Figure 6 shows for selected cycles the
electrical signals of the ignition coil
and the cylinder pressure plotted ver-
sus the crank angle. The left side shows
the behaviour using a single charge ig-
nition (a), the right side represents the
MCI system (b). Here, the ignition tim-
ing is held constant at 18 ° CA before
TDC (in the pictures called Spark Ad-
vance, SA18) in order to avoid an influ-
ence of the cylinder pressure on the
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Figure 7: Stratified operation with fixed EOl — single versus multiple ignition

breakdown voltage. The injection tim-
ing (End of Injection, EOI) varies from
18 ° CA before TDC (EOI18) over 22 ° CA
(the reference) to 26 ° CA.

The centre row of the picture array
shows a stable, misfire-free combustion
initiation and a consecutive burn phase
for both ignition systems at optimal
settings.

The upper row shows a disturbed
spark with insufficient time between in-
jection and ignition. The spray is reach-
ing the plug gap while the arc is already
burning which rapidly discharges the
coil. Here, the single charge ignition
fails. These are so-called rich misfires [6,
8]. On the other hand, the current-con-
trolled MCI system allows certain, albeit
retarded ignition by one of the subse-
quent sparks, identifiable by the trace of
the cylinder pressure.

The lower row shows an unimpaired
spark with a large time between injec-
tion and spark timing. Nevertheless, the
single charge ignition cannot ignite the
mixture reliably, since at the time of the
spark the mixture at the spark plug loca-
tion is already strongly diluted and quite
lean. Due to the high cyclic fluctuations
of the in-cylinder flow, this generates pe-
riodically so-called lean misfires [6, 7].
The MCI allows again a sure, however, as
before, retarded ignition.

4.5 Engine Behaviour in Stratified Mode
In Figure 7 the ignition timing varies
while the end of injection is fixed at
EOI26. As expected, no differences can

be seen at the operating points in which
both ignition systems work misfire-free,
either for fuel consumption (ISFC), for
emissions (ISHC, ISNO,, Smoke) or for
fuel conversion (CA10/50/90 are the de-
grees of crank angle for 10/50/90 %
burned fuel).

In the upper right plot it is evident
that the area for misfire-free ignition can
be clearly expanded with the MCI system
compared to a single charge ignition: If
not enough time between EOI and SA is
provided, the charge will be insufficient-
ly mixed. Locally rich areas with reduced
oxygen entrainment develop and lead to
an incomplete combustion with high
carbon concentration. MCI is reducing
the risk of these rich misfires.

In the case of highly retarded ignition
events, lean areas are forming which are
difficult to ignite. The MCI system coun-
teracts this situation with extended ef-
fective spark duration and a stretched
spark which has a higher likelihood to
hit combustible mixtures than an indi-
vidual spark. Consequently, the MCI sys-
tem leads to lower fuel consumption and
HC emissions in areas where lower mis-
fire rates are achieved.

In contrast to the single charge igni-
tion which requires in this operating
point an ignition timing of at least ap-
proximately 2 ° crank angle after EOI, for
the MCI system a highly advanced spark
timing can be chosen, far earlier than
the arrival of the spray to the plug gap.
Due to the arbitrarily adjustable spark
duration, the mixture starts to burn safe-
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ly as soon as the ignition conditions are
fulfilled.

Figure 8 visualizes the location of in-
jection, ignition and cylinder pressure
pattern for the examined operating
point. The vertical bar shows the dura-
tion of the injection. The upper horizon-
tal bars describe the ignition window for
both systems, the two lower bars the ex-
treme values of the approximate spark
duration.

In Figure 9 characteristic diagrams of
the important engine output maps are

{a) Single Spark Ignition
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plotted versus the axes “EOI” and “Delay
from EOI to spark timing SA”. Results for
a single charge ignition (left) and the
MCI system (right) are compared.

In the case of the single charge igni-
tion, misfire-free operation is only pos-
sible in a narrow injection and ignition
area. Due to its relatively early occur-
rence before TDC it shows increased NO_
emissions. The much broader applica-
tion window for injection and ignition
of the MCI system increases the robust-
ness of the overall system against pro-
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" s
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duction-related tolerances of compo-
nents, e.g. injectors and their spray pat-
terns, as well as against effects of aging,
without compromising combustion sta-
bility and freedom from misfires. This
allows a calibration with retarded injec-
tion and ignition timing leading to sig-
nificantly lowered NO_ emissions as a
result of the reduced combustion pres-
sures and temperatures. In addition to
the nearly 20 % reduced fuel consump-
tion compared to stoichiometric opera-
tion, this leads to fewer regeneration
cycles of the DeNO, catalyst (rich homo-
geneous operation) and thus to an addi-
tional fuel consumption advantage for
the MCI system.

5 Summary, Conclusions and Qutlook

The current-controlled, fast recharging
multi charge ignition system MCI pre-
sented here makes available a substan-
tially longer effective spark. The working
principle prevents undefined and insuf-
ficient charges of the coil, allows a broad-
er deflection of the spark into the com-
bustion chamber and provides several
times the full ignition energy in cases of
potential misfires.

Figure 9: Engine results for stratified operation (1500 rpm / 3.5 bar IMEP)
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Extended, misfire-free operating rang-
es for stratified engine operation can be
obtained, which are characterized by im-
proved emissions and a lower fuel con-
sumption. With an engine operated in
stratified mode these effects could be
proven at a representative speed/load
point. The engine results that can be ob-
tained with the MCI system permit a cost
optimization of the overall powertrain
system in stratified operated engines.
This applies in particular to the exhaust
aftertreatment system, the cold start per-
formance and the reduction of tolerance
requirements of components.

A very robust combustion detection
method using ion-current sensing tech-
nology is currently being developed. It is
based on the concept of the current-con-
trolled multi charge ignition system pre-
sented here. This particular ion sense ca-
pable system avoids some well-known
disadvantages of the ion current ignition
systems described in the literature and
can be used for combustion control.
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